Motivation: It is a question of whether the supramolecular organization of the protein complex has an impact on its function, or not. In the case of the photosystem II (PSII), water splitting might be influenced by cooperation of the PSIIs. Since PSII is the source of the atmospheric oxygen and because better understanding of the water splitting may contribute to the effective use of water as an alternative energy source, possible cooperation should be analyzed and discussed. Results: We suggest that the dimeric organization of the PSII induces cooperation in the water splitting. We show that the model of monomeric PSII is unable to produce the oxygen after the second short flash (associated with the double turnover of the PSII), in contrast to the experimental data and model of dimeric PSII with considered cooperation. On the basis of this fact and partially from the support from other studies, we concluded that the double turnover of the PSII induced by short flashes might be caused by the cooperation in the water splitting. We further discuss a possibility that the known pathway of the electron transport through the PSII might be incomplete and besides D1-Y161, other cofactor which is able to oxidize the special chlorophyll pair (P680) must be considered in the monomeric PSII to explain the oxygen production after the second short flash. Availability: Commented SBML codes (.XML files) of the monomeric and dimeric PSII models will be available (at the time of publication) in the BioModels database (www.ebi.ac.uk/biomodels).
INTRODUCTION
Electron transport through the protein complexes in the membranes, e.g. the respiratory chain in mitochondria or light reactions in photosynthesis, is known and has been studied for many years. In order to extend our knowledge about the mechanism and function of electron transport, it is helpful to use the methods of systems biology. One of the methods suitable for description of the electron transport through the protein complexes is the use of the kinetic model of the studied system.
There are two main approaches for description of electron transport through the protein complexes. Apart from the Monte * To whom correspondence should be addressed.
Carlo method (Garfinkel, 1968) , the most frequently used is the mass action law approach (Chance and Williams, 1956) . This approach has a significant advantage in that one may obtain information about the connection between the function and the molecular or even supramolecular organization of the studied protein complex (French and Fork, 1961) , not merely a description of the experimental kinetics. This advantage is usually, however, hard to use because of the high computational requirements associated with it. Therefore, a common approach in the use of the mass action law has been based on the second-order kinetics with the inadequate assumption of the independence of the redox states cofactors within the protein complex (Kukushkin, 1980) .
In this work, we maximize the advantage of the kinetic modeling from a combination of the first-and second-order kinetics: we developed models of the monomeric and dimeric pigment protein complex photosystem II (PSII). On the basis of our simulations, and with partial support from our earlier work (Jablonsky and Lazar, 2008) and other studies, we suggest that the dimeric organization of the PSII influenced the function of this enzyme, in this case, inducing cooperation of two PSIIs in the water splitting. Our hypothesis goes against the 40-year-old primary postulates about the mechanism of the photosynthetic water splitting (Kok et al., 1970) in which cooperation of the PSIIs in the water splitting has been excluded. Since new information about the PSII are available now and a better understanding of the water splitting may contribute to the effective use of water as an alternative energy source, we would like to open discussion on this hot topic. We also show that kinetic models may provide new information about the function of the protein complex even if its detailed molecular and supramolecular structure and functions are known. We stress, however, that further experimental and theoretical data are necessary in order to prove or disconfirm our hypothesis.
METHODS
All the models were developed and tested with GEPASI 3.30 software (Mendes, 2002) which was designed for the modeling of chemical and biochemical kinetics (Mendes, 1993 (Mendes, , 1997 . Gepasi uses the LSODA (Livermore solver of ordinary differential equations) integrative routine for the solution of a system of differential equations. LSODA is a sophisticated algorithm (Petzold and Hindmarsh, 1997) , which measures stiffness of equations and, when necessary, dynamically switches the integration method.
The final models were exported from GEPASI through the SBML (system biology markup language) code into the SimBiology Toolbox running in the MATLAB (Mathworks Inc., Natick, Massachusetts, USA) where all simulations were handled and executed. In order to support free access and the possibility of reusing of our models, the information and SBML codes of the monomeric and dimeric PSII models will be available (at the time of publication) in the BioModels database (www.ebi.ac.uk/biomodels).
RESULTS ANS DISCUSSION

Multi-units and the monomeric model of PSII: differences and implications
After introduction of the kinetic model of PSII with the improved kinetic description of the water splitting (Jablonsky and Lazar, 2008) , we thought about the possible impact of this model on the known function and supramolecular structure of PSII: in this model, oxidation of the tyrosine D1-Y161 (Y Z ) by a special chlorophyll pair (P680 + ) was, for simplicity, described by using of the second-order kinetics, see Scheme 1A. However, Y Z is an integral part of PSII and using of the second-order kinetics means in this case that Y Z is not considered in the model as an integral part of PSII and may be oxidized by P680 + from any available PSII unit, not only within one PSII, see Scheme 1. We therefore call this model a multi-units PSII model. The using of the multi-units PSII model:
(1) allows a quantitative description of the experimental data but, in this case, a coincidence without physical meaning (see above) cannot be excluded;
(2) significantly decreases the amount of model forms and thus of differential equations of the model (from a few thousand to a few hundred);
(3) rises the question if it is suitable for a description of the electron transport within the protein complex because it, in fact, enables the cooperation of PSII units in the water splitting.
It was suggested almost 40 years ago that the water splitting in photosynthesis is the light-induced four-step mechanism of the charge accumulation in each PSII (Kok et al., 1970) . This suggestion was based on the phenomenon of the flash-induced period-four oxygen oscillation (Joliot et al., 1969) caused by a single-turnover flash train. Therefore, the best way of testing meaning of the multiunits PSII model and thus cooperation of PSIIs in the water splitting is simulation and analysis of the flash-induced oxygen oscillation. If the suggested mechanism (Forbush et al., 1971; Kok et al., 1970) of the water splitting is correct, the model of monomeric PSII should be able to produce the same pattern of the oxygen oscillation as it was measured. In order to analyze the connection between the supramolecular structure and the function of PSII, we developed a new model of PSII where all the reactions describing the electron transport through PSII are entered in the first-order kinetics. This approach enables to consider Y Z and oxygen evolving complex (OEC) as integral parts of the PSII, i.e. it is a model of monomeric PSII where the particular Y Z can be oxidized by the particular P680 + only within one PSII, see Scheme 1B.
If we compare the simulation of the flash-induced oxygen evolution based on the monomeric PSII (Scheme 1B) with the experimental data (Isgandarova et al., 2003) , it is apparent (Fig. 1A ) that the transition from the second-order (multi-units PSII model) to the first-order (monomeric PSII model) kinetics used for description of Y Z oxidation by P680 + leads to the disappearance of the oxygen signal after the second flash (Y 2 ). The experimental nonzero Y 2 is caused by the second turnover of the PSII probably during the first flash (Joliot and Joliot, 1981) . Since Y 2 is zero in the model of monomeric PSII, the experimental non-zero Y 2 must be, on the basis of present knowledge related to the second turnover of the PSII, caused by the cooperation of PSIIs in the water splitting. The cooperation might be associated with (i) the supramolecular organization of PSII by means of induced structural rearrangement of the PSII dimer extensively changing the redox equilibrium, distances or environment of cofactors in PSII or (ii) electron transport between PSIIs in the dimer. Since we can only speculate about the extent and impact of the first (i) option, we tested only the second (ii) option.
Cooperation in the PSII dimer as the secondary mechanism of oxygen evolution
Before testing the possible cooperation of PSIIs in the water splitting, we also tested if the model of the monomeric PSII is able under certain circumstances, as reported in literature, to simulate the non-zero Y 2 . It was suggested that a non-zero Y 2 is caused by reoxidation of the first quinone electron acceptor (Q A ) during the decay tail of the flash (Forbush et al., 1971; Kok et al., 1970) . A partial support for this hypothesis is that the Y 2 is decreased by using ultra-short (5 ns) actinic flashes (Jursinic, 1981) . However, even usage of the ultra-short actinic flashes, whose duration is about five-order shorter than the time constant of the Q¯A reoxidation (200-400/300-800 µs for higher plants; Lazár, 1999) , does not lead to zero or to almost zero measured Y 2 (Jursinic, 1981) . Therefore, it seems that the Y 2 has two sources (Jursinic, 1981) : photochemical caused by reoxidation of the Q¯A (Forbush et al., 1971; Kok et al., 1970) and non-photochemical which may be caused by the cooperation of the PSIIs in the water splitting.
To test the dependence of the Y 2 on the duration of the flash, we executed another simulation with the model of the monomeric PSII where the decay tail of the flash was considered; the shape of the simulated decay tail was derived from the time-intensity dependence of the xenon flash used in some experiments (Jursinic, 1981) . From the results shown in Figure 1B it is obvious that if the flashes with the decay tail are used in the model of the monomeric PSII, the oxygen yield after the second flash grew but still did not reach the experimental value of the Y 2 . The conclusions from the simulations shown in Figure 1A and B and from the analysis of the dependence of the Y 2 on the rate constants in the model (data not shown) are:
(1) the magnitude of only the photochemical source of the Y 2 is time dependent as suggested before (Forbush et al., 1971) : it is enhanced if the duration of the decay tail of the flash or the rates of the Q¯A reoxidation and OEC oxidation are increased;
(2) the reoxidation of the Q¯A does not cause the second turnover of the PSII during short flashes.
Since the native supramolecular organization of the PSII is the dimeric form (Hankamer et al., 1997) , it was crucial to test if the cooperation between two PSIIs is capable of describing the The values show ratio of the oxygen evolution between one PSII of the dimer and PSII monomer. CL means continuous light.
experimental non-zero value of the Y 2 . The cooperation should have been possible as two reaction cycles of the PSII with slightly different oxygen yield patterns in a flash series have already been recognized; these two cycles are capable of describing the experimental oxygen oscillations only if the transitions between the acceptor sides and between the donor sides of both cycles were enabled (Shinkarev and Wraight, 1993) . Mentioned transition between the donor sides of both cycles implies a cooperation within dimeric PSII in the water splitting process. Since there are too many possible combinations and options how to describe the cooperation as the mechanism of the non-photochemical source of the Y 2 in the model of the dimeric PSII, we focused on tracing the simplest possible mechanism of the cooperation based on the known reactions even if the real situation in the dimeric PSII might be more complex.
Oxidation of the OEC in its lower redox states (S 0,1 -states) is fast enough to allow the possibility of the second turnover of the PSII. Since only the S 1 -state is stable in the dark (Vermaas et al., 1984) and concentration of the S 0 -state of OEC in the dark before flash treatment is low (from 0% to 25%), the S 0 -state may be for simplicity excluded. Furthermore, it was also shown that the dimeric organization of the PSII induces changes in the close environment of the OEC because only the dimeric PSII exhibits in the S 2 -state, in addition to the multi-line EPR signal, also the g = 4.1 EPR signal (Danielsson et al., 2006) . On the basis of these facts, we described the cooperation as a cross-backward oxidation of the P680 (in the PSII which is already in the S 2 -state) by [Y ox Z S 1 ](in the PSII in which the S 1 -S 2 transition is not finished), see the simplified Scheme 1C. The time constant of the cooperation estimated here to fit the experimental data is 330 µs. From the results shown in Figure 1C , we may conclude that the proposed mechanism of the cooperation on the water splitting within the PSII dimer is fully capable of describing the experimental data.
Questions arise if the cooperation has some purpose and if it is possible at all. It is hard to completely answer the first question at this moment. However, the proposed mechanism of the cooperation enhances the efficiency of the water splitting as it enables the utilization of the second photon absorbed by the PSII, which does not finish yet its S 1 -S 2 transition in the PSII which is already in its S 2 -state. In agreement with the above is the fact that the water splitting in the PSII dimer has a higher efficiency than in the monomeric PSII (Danielsson et al., 2006) .
To prove physiological meaning of the cooperation, we tested influence of the cooperation under weak continuous light because it was suggested that dimeric PSII is able to cooperate in the water splitting process under a weak light intensity (Takahashi et al., 1995) . We therefore simulated the steady-state oxygen evolution under three intensities of the continuous light (CL). On the basis of our analysis, see Table 1 , it seems that the idea of cooperation under weak CL is right, moreover, it is clear that the cooperation has significant physiological meaning if the photosynthetic sample is exposed to Fig. 2 . Distances (in Å) between P680 and D1-Y161 in dimeric PSII. Indexes 1 and 2 show association of the cofactor to the first and second PSII in the PSII dimer. PsbM (M) and PsbL (L) are subunits of the PSII. X-ray structure of the dimeric PSII of Thermosynechococcus elongatus was obtained from Protein Data bank under the accession number 2AXT (Loll et al., 2005) . the weak CL. The steady-state rate of the oxygen evolution might be considered as indicator of effectivity of the electron transport through thylakoid membrane and thus of the rate of ATP synthesis and restoration of NADPH. In the case of weak CL, dimeric PSII is able to significantly decrease a possibility of backward reaction (charge recombination) between OEC and the acceptor side of PSII and thus provide a higher production of ATP and NADPH than the PSII monomer can, see Table 1 . Therefore, dimerization of the PSII together with cooperation might be a strategy how to provide some production of ATP and NADPH even under weak light condition.
To answer the second question, i.e. if the cooperation is possible at all, we tested and excluded known mechanisms which may be partially hidden behind the non-zero experimental Y 2 , e.g. the influence of the cytochrome b 559 , P680 + reduction in the microsecond time-domain, or the dynamic phenomenon (e.g. changes in the transmembrane electric potential), which may accelerate the primary photoreactions (a range of 10-1000 times acceleration was tested).
According to the X-ray structure of the PSII dimer (Loll et al., 2005) , the long distance between Y Z and P680 from the different PSIIs in the PSII dimer, see Figure 2 , excludes direct electron transport and suggests involvement of the chain of cofactors (Page et al., 1999) . The link between P680 1,2 and Y 2,1 Z crosses the PsbL and PsbM subunits of both PSIIs and show a possible pathway of the electron transport through one or both of these subunits. PsbL (Hoshida et al., 1997; Ohad et al., 2004) and PsbM (Umate et al., 2007) have already been found to be involved in the PSII electron transport and its regulation. The value of the time constant of the cooperation estimated here, 330 µs, also corresponds with computed time constant of electron transport through chain of four cofactors in even distances (simplification) and in the total distance of electron transport around 80 Å (Page et al., 1999) .
We show the possible but also very questionable mechanism of the cooperation in the water splitting within the dimeric PSII: the mechanism is questionable because at present there is no direct evidence for the long-distance electron transport across the PSII dimer. On the other hand, the long-distance electron transport and thus the cooperation cannot be completely ruled out because of reported involvement of PsbL (Hoshida et al., 1997; Ohad et al., 2004) and PsbM (Umate et al., 2007) subunits in the PSII electron transport, above all the involvement of PsbL in the electron transport between the tyrosine D1-Y161 (Y Z ) and special chlorophyll pair (P680) (Hoshida et al., 1997) . Moreover, the idea of cooperation is not new (Takahashi et al., 1995; Zeynalov and Maslenkova, 1996) , although it was not until now accepted or rejected. Nevertheless, even if the exact mechanism of the cooperation in the water splitting is unclear yet, the hypothesis of cooperation provides, based on recent knowledge of the electron transport through the PSII, the only explanation of the second turnover of the PSII during short flashes. Finally, if we admit that P680 may be oxidized by other cofactor than D1-Y161, e.g. by L-Y34 (PsbL subunit) which is in the almost same distance as D1-Y161 (Fig. 2) then the non-zero Y 2 induced by short flash may be explained also in the monomeric PSII (data not shown). Even if this is only speculative option and we have not enough information yet about function of PsbL subunit, the involvement of another cofactor within PSII is still possible alternative explanation of the non-zero Y 2 (Joliot and Joliot, 1981) . However, for this alternative it is necessary to suppose that the mentioned L-Y34 is able to oxidize the P680 in the dark after the first flash is applied.
We show that the second-order kinetics used for description of oxidation of the tyrosine D1-Y161 can be in this case justified. This approach significantly decreases the amount of differential equations necessary for kinetic description of PSII function and also approximates the here proposed cooperation in the water splitting. However, we show only the basic concept of the cooperation based on the known reactions within PSII. Therefore, the purpose of this work is to open a discussion on the possible cause of the double turnover of the PSII induced by short flashes and to serve as a starting point for a further analysis and focusing on this topic. 
